Gan decoction (LGZGD), a well-known traditional Chinese medicine (TCM) formula, has been extensively used for the treatment of cardiovascular disease in clinic. However, the chemical constituents in LGZGD had not been investigated so far. In this study, an ultra performance liquid chromatography-hybrid electrospray ionization linear ion trap-Orbitrap mass spectrometry (UPLC-LTQOribitrap-MS/MS) method was established for rapid separation and structural identification of the constituents in LGZGD. Separation was performed on an ACQUITY TM UPLC BEH C 18 column (50 3 2.1 mm, 1.7 mm) by gradient elution mode, using acetonitrile-water containing 0.1% formic acid as mobile phase at the flow rate of 0.2 mL/min. Accurate mass measurement for molecular ions and characteristic fragment ions could represent identification criteria for these compounds. As a result, 95 compounds including triterpene acids, triterpene saponins, flavonoids, coumarins, coumestans, benzofurans, phenylpropanoids and sesquiterpenoid lactones were detected, and 90 of them were tentatively identified. All compounds were further assigned in the individual raw material. In conclusion, the UPLC-LTQ-Orbitrap-MS/MS is a highly efficient technique to separate and identify constituents in complex matrices of TCMs. These results obtained in this research will provide a basis for quality control and further in vivo study of LGZGD.
Introduction
Ling-Gui-Zhu-Gan decoction (LGZGD) is a well-known traditional Chinese medicine (TCM) formula. It was originally listed in "Treatise on Febrile Diseases" and "Synopsis of Golden Chamber", both of which were compiled by Zhong-Jing Zhang of Han Dynasty. The formula of LGZGD consists of four herbs, namely Poria cocos, Ramulus cinnamomi, Atractylodis macrocephalae Rhizoma and Radix glycyrrhizae, in ratio of 4:3:3:2 (w/w/w/w). In China and Japan, LGZGD is generally used for the treatment of arrhythmia, cardiac failure, angina pectoris and other cardiovascular diseases (1) . In recent years, new applications of LGZGD were continuously found along with its increasing uses for treating different diseases, such as type 2 diabetes, psychotic and hypertension, etc. (2) (3) (4) . Modern pharmacological studies revealed that LGZGD exert strong scavenging activity toward superoxide radicals and has anti-inflammatory, anti-Meniere's disease, anti-asthma and anti-ulcer activity (5, 6) . Although so many beneficial effects have been reported in previous studies, the actual bioactive components of LGZGD are still not well understood.
TCM is a complex system containing tens or even hundreds of different chemical constituents. It is well accepted that the broad-spectrum efficacy of TCM was expressed based on the synergistic effects of their multi-components and multi-targets. In the past, the major constituents of each herb in LGZGD have been well studied, but little attention was paid to the chemical composition of LGZGD. To date, only high-performance liquid chromatography (HPLC) has been reported for the quality control of LGZGD in previous studies (7, 8) . These methods made significant contributions to the studies of quality control of LGZGD. However, they were inclined to identify and/or quantify the limited compounds. Therefore, the main objective of this research was to develop a convenient, reliable and sensitive analytical method to identify the major compounds in LGZGD by ultra performance liquid chromatography-hybrid linear ion trap-Orbitrap mass spectrometry (UPLC-LTQ-Orbitrap-MS/MS).
UPLC-LTQ-Orbitrap-MS/MS has been widely used in analyzing of complex samples due to the high resolution and sensitivity (9) (10) (11) (12) . The compounds in a mixture can be efficiently separated by UPLC, and be characterized by MS. In the present study, an UPLC-LTQ-Orbitrap-MS/MS method was exploited to identify the multiple components in LGZGD extract. Ninety-five compounds including triterpene acids, triterpene saponins, flavonoids, coumarins, coumestans, benzofurans, phenylpropanoids and sesquiterpenoid lactones were detected, and 90 of them were tentatively identified by comparing the accurate mass and fragment information with correlative reference data. This research demonstrates the potential of UPLC-LTQ-Orbitrap-MS/MS in structural characterization and identification of components in Chinese herbal medicines without any pure standard substance.
with 70% ethanol (600 mL) by refluxing three times (1 h Â 3) (13). The extracted solution was filtered through five-layer gauzes and made to a concentration of 1 g crude drug per milliliter, and finally the solution was freeze-dried. For the freeze-dried powder, 200 mg were extracted with 50 mL of methanol for 30 min under ultrasonic field. The methanol extract was centrifuged at 13,000 rpm for 10 min at 48C, and the resulting supernatant was filtered through 0.22-mm filter, which was then used as the UPLC sample. The individual extract of each four herbs was carried out using the same procedures as that of preparing of LGZGD.
LC system LC analysis were performed on an ACQUITY TM UPLC system (Waters Corp., Milford, MA, USA) equipped with an auto-sampler, a vacuum degasser unit, a quaternary pump and a column compartment. Samples were separated on an ACQUITY TM UPLC BEH C 18 column (50 Â 2.1 mm, 1.7 mm) at 358C. The mobile phase consisted of acetonitrile (A) and water containing 0.1% formic acid (B) and the elution gradient was set as follows: 10% A (0 -0.5 min), 18% A (1.5 min), 20% A (6 min), 40% A (12 min), 55% A (19 min), 80% A (29 min), and 90% A (32 -35 min). The flow rate was set at 0.2 mL/min, and the injection volume was 5 mL.
Mass condition All LC/ESI-MS
n analyses were carried out on a Thermo Fisher Scientific LTQ-Orbitrap XL hybrid mass spectrometer equipped with an electrospray ionization interface. Samples were analyzed in positive and negative ion modes, separately. Accurate mass analyses were calibrated according to the manufacturer's guidelines using a standard solution mix of sodium dodecyl sulfate, sodium taurocholate, the tetrapeptide MRFA acetate salt and Ultramark. Centroided mass spectra were acquired in the mass range of m/z 50 -1,500 Da. The resolving power was 30,000 for full scan and 15,000 for the MS 2 scans. The collision energy for collision-induced dissociation or high-collision energy dissociation mode was adjusted to 35% of maximum, and the isolation width of precursor ions was m/z 2.0. The ionization voltage was 4.5 kV, and the capillary temperature was set at 3258C. Nitrogen was used as both the sheath gas (45 units) and auxiliary gas (8 units) . All other parameters were identical to those in LC-MS n analysis.
High-resolution MS data processing was carried out using the QualBrowser of Xcalibur 2.1 (Thermo Fisher Scientific), including EIC, calculation of elemental compositions using potential metabolite ions with 5-ppm mass tolerance and isotope pattern simulation. Considering the possible elemental composition of potential components existing in LGZGD, the types and amount of expected atoms were set as follows: carbons 60, hydrogens 200, oxygens 30.
Results

Optimization of LC and MS conditions
The LC separation method was optimized first. An UPLC system with a 1.7 mm particle size column showed more powerful separation ability with a higher peak resolution and the total analysis time was ,35 min, which were approximately double times faster than that for a conventional column packed with 5.0 mm particles. The mobile-phase compositions were screened and it was found that the mixture of acetonitrile and 0.1% (v/v) formic acid-water was the most suitable eluting solvent system. We optimized and adjusted the elution gradient to make balance between the good separation efficiency and sufficient peak widths to meet the requirements of the high-resolution acquisitions (as the longer acquisition time, the higher accurate mass determination and the more MS n sequences provided by Orbitrap). Finally, the optimized LC method was found acceptable and adequate for further MS n analysis. For the MS conditions, the flow rate of sheath gas, spray voltage and capillary temperature were optimized. For a more comprehensive understanding of the potential chemical constituents and their structural conformation, both negative and positive mass spectra of LGZGD were collected in this study. Comparing the bask peak ion (BPI) chromatograms of LGZGD in the two ionization modes, it was found that signal response was more sensitive to most of the constituents in negative mode (see Figure 1) . Therefore, the MS data for analysis and identification of chemical constituents in LGZGD were acquired in negative mode, whereas the MS data for positive ions were hired for further confirmation.
Characterization of chemical constituents in LGZGD extract
To confirm the original of the chemical constituents in LGZGD extract, the negative ion mode was chosen to obtain the mass spectrum of each individual herb extract and compared with the ion chromatogram of LGZGD (Figure 2 ). Altogether, a total of 95 compounds were detected including a number of minor compounds. The originality of all 95 compounds from individual herb was confirmed. Four herbs made the remarkable different chemical contributions to LGZGD. Specifically, the major constituents in LGZGD extract came from P. cocos (33 compounds) and R. glycyrrhizae (55 compounds). Other two herbs made minor contributions, only four compounds from R. cinnamomi and three from A. macrocephalae Rhizoma. (Chemical structures of the identified compounds are shown in Figure 3 .) Identification of the compounds Totally 90 compounds from 95 peaks were identified in LGZGD. Among them, 33 compounds were from P. cocos, 55 from R. glycyrrhizae, 1 from R. cinnamomi and 1 from A. macrocephalae Rhizoma. These 90 identified compounds represented the major components of LGZGD. The majority of them had also been reported as the main bioactive constituents of the individual herbs (14, 15) .
Identification of triterpene acids
Triterpene acids are the characteristic constituents of P. cocos. In this study, a total of 33 triterpene acids including 13 lanosta-8-ene type and 20 lanosta-7,9(11)-diene type triterpene acids were identified or tentatively characterized from LGZGD. The characteristic pathways for triterpene acids primarily included: (i) The characteristic neutral losses of 18 Da (H 2 O), 44 Da (CO 2 ) and 60 Da (CH 3 COOH), which could be used for speculation on to the existence of hydroxyl, carboxyl and acetoxyl groups; and (ii) The characteristic cleavage of side chain at C-10 or C-17 position, such as the neutral loss of C 3 H 6 O 2 74 Da for proicoic acid B ( peak 55), which was attributed to the cleavage of side chain at C-10 position (see Figure 4A ). These characteristic neutral losses and the characteristic cleavage of side chain at C-10 or C-17 position provided a sound basis for elucidating these triterpene acids in LGZGD.
For example, the MS spectrum of peak 84 (Table I) is shown in Figure 4B .
The deprotonated molecular ion [M-H]
2 at m/z 527.3753 was found in the spectrum. Seven main fragment ions at m/z 509.3648, 483.3853, 467.3541, 465.3385, 449.3433, 405.3157 and 295.2465 were observed. The mass differences between the parent ion and the fragment ions at m/z 509.3648, 483.3853 and 467.3541 were 18, 44 and 60, respectively, corresponding to the neutral loss of H 2 O, CO 2 and CH 3 COOH. Based on the MS -MS data of the literature (16), the compound represented by peak 84 was identified as pachymic acid. Similarly, a total of 20 major triterpene acids (Table I ), including 9 lanosta-8-ene type triterpene acids ( peak 34, 52, 59, 66, 68, 80, 84, 87 and 90) and 11 lanosta-7,9(11)-diene type triterpene acids ( peak 55, 62, 72 -74, 77, 79, 81, 85, 86 and 89) were tentatively identified by comparing their UPLC retention times in each herb and MS -MS data with the reference data from literature (15) (16) (17) .
Peak 54 (retention time, T R ¼ 18.84 min) and peak 69 (retention time, T R ¼ 21.27 min) both gave the [M-H] 2 ion at m/z 481 suggesting that they were a pair of isomers. Fortunately, a significant fragment ion of 407 in the MS 2 spectrum of peak 54 was observed and can be used to differentiate peak 54 from peak 69, which was yielded by the partial cleavage of the side chain at the C-10 position of compound 54. Based on the ESI-MS n analysis and literature (16) , peak 54 and peak 69 were tentatively identified as proicoic acid C and polyporenic acid C, respectively. Likewise, peak 35, 36, 50, 64, 65, 78, 82, 83 and 88 were tentatively identified by comparing their MS/MS data with the reference data from literature (15 -19) . Owing to the lack of characteristic signals in ESI-MS n , peak 56 and 76 were tentatively identified as isomers of dehydrotumulosic acid or 3-epi-dehydrotumulosic acid and 3b-hydroxy-16a-acetoxylanosta-7,9(11),24-trien-21-oic acid or 3-O-acetyl-16a-hydroxydehydro trametenolic acid, respectively (16) . Studies by the authors for distinguishing these isomers are in progress. (17) . Totally 11 triterpene saponins (Table I) were identified in LGZGD and showed similar MS features (17 -20) . All triterpene saponins gave
Identification of triterpene saponins
2 ion which were further fragmented into ions at m/z 351. These ions were highly characteristic for the identification of licorice triterpene saponins.
Among the 11 triterpene saponins, glycyrrhizic acid ( peak 28) is one of the most abundant constituents of R. glycyrrhizae and widely used as the marker compounds to assess the quality of R. glycyrrhizae or its products. 
and [glucuro-glucuronic acid-H] 2 . The proposed fragmentation pathway of glycyrrhizic acid is shown in Figure 4C . (14) . Liquritin ( peak 7), a flavanone 2 at m/z 577.1572 of peak 5 gave its fragment ions at m/z 457.1148 and 325.0723, corresponding to the neutral losses of 120 and 132 Da, respectively, indicating the linkages of two C-glycosides resulted from xylose and rhamnose. Based on the MS -MS data with literature (22) and UPLC retention time compared with single herb, the compound represented by peak 5 was identified as isoviolanthin. The detailed fragmentation pathways of isoviolanthin are shown in Figure 5A .
Thirty-seven flavonoids have been identified in LGZGD extract (Table I) , including seven flavanonols ( peak 1, 6 -8, 14, 57 and 63), seven flavonols ( peak 2 -5, 16, 37 and 70), seven chalcones ( peak 10 -13, 15, 39 and 71), nine isoflavones ( peak 18, 20, 26, 38, 40, 43, 48, 49 and 51), four isoflavans ( peak 46, 53, 58 and 75), one isoflavanones ( peak 47), one flavonoid glycosides with feruloyl and one pterocarpan ( peak 17) were tentatively identified or characterized in comparison with the available references (14, 20 -24) . (14) . Two coumarins show similar fragmentation behavior starting with the neural loss of a -CH 3 , followed by the elimination of a C 3 H 8 or a C 4 H 8 . Compared their MS -MS data with the reference data from literature (25) , peak 33 and 41 was tentatively identified as glycycoumarin and glycyrin.
Identification of coumarins
Identification of coumestans
Three coumestans were characterized in LGZGD. Take neoglycyrol ( peak 44) for example, in negative mode, the [M-H] 2 ion at m/z 365.1030 was fragmented into four characteristic ions at m/z 337.1081, 323.0924, 307.0249 and 279.0294. The mass difference between the parent ion and the fragment ions at 337.1081 was 28, corresponding to the neutral loss of a -CO. The proposed fragmentation pathways are given in Figure 5B . Similarly, peaks 45 and 60 were tentatively identified as isoglycyrol and glycyrol, respectively (26) .
Identification of benzofurans
Two benzofurans were tentatively identified as licobenzofuran ( peak 42) and licocoumarone ( peak 61) (25, 26), both of them possessed similar fragmentation pathways as peak 33 and peak 41, starting with the neutral loss of a -CH 3 , followed by the elimination of a C 3 H 8 or a C 4 H 8 .
Identification of other compounds
Apart from triterpene acids, triterpene saponins and phenolic constituents mentioned above, two minor compounds named 2-hydroxycinnamaldehyde ( peak 9) and atractylenolide III ( peak 24) were also detected in this study. Their probable structures were characterized by examining the known compounds from R. cinnamomi and A. macrocephalae Rhizoma, and by comparing the mass spectra with literature data (27, 28) . The fragmentations pathways of 2-hydroxycinnamaldehyde and atractylenolide III are shown in Figure 5C and D. 
. Mass spectra and proposed fragmentation pathways of pachymic acid (A), proicoic acid B (B), glycyrrhizic acid (C) and liquiritin (D).
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Discussion
In summary, a reliable and powerful analytical method using UPLC-LTQ-Orbitrap-MS/MS was successfully established for separation and identification of the multiple constituents in a TCM formula LGZGD. Using an UPLC system, the total analysis time for separation was ,35 min without losing any resolution. A total of 95 compounds were detected, and 90 of them were identified or tentatively characterized based on their retention times, exact mass measurement for each molecular ion and subsequent fragment ions. The major constituents including triterpene acids, triterpene saponins, flavonoids and flavonoid glycosides of LGZGD came from P. cocos and R. glycyrrhizae. Triterpene acids are known to be major bioactive components of P. cocos, presenting inhibitory effects of I 5-HT , cytotoxic and anti-oxidant activities and anti-inflammatory activity (18, 19) . The triterpene saponin and flavonoid components of R. glycyrrhizae were reported to have an inhibition of gastric acid secretion, antiviral and anti-atherogenic effects (29 -31) . These active chemical constituents might provide a base knowledge for comprehensively understanding of the curative effect of LGZGD.
Our results also give a hint of contributions of other two herbs Rhizoma Atractylodis macrocephalae and R. glycyrrhizae to LGZGD decoction. Because only four compounds in LGZGD extract were found from R. cinnamomi and three from A. macrocephalae Rhizoma. As far as we known, volatile oil is the most effective part in R. cinnamomi, as well as the atractylenolides in A. macrocephalae Rhizoma. In the present study, since as only ESI was employed, we can hardly say that the chemical composition of LGZGD was fully clarified. Ramulus cinnamomi and A. macrocephalae Rhizoma may provide the volatile and semivolatile active constituents for multi-target, multi-level pharmacological effects of LGZGD. The in-depth studies of LGZGD including the identification of volatile and semi-volatile active constituents, quantitative analyzing and pharmacological bioactivity of LGZGD are underway in our laboratory.
